In euthyroid rats fed a high carbohydrate fat-free diet for 10 days, the mass of cellular malic enzyme mRNA in liver is increased 7-to 8-fold above the basal level. Malic enzyme activity is stimulated to the same extent. This effect does not result from an increase either in the transcriptional activity of the malic enzyme gene, as determined by nuclear run-off transcription assay, or in the content of intranuclear malic enzyme RNA sequences. Mathematical modeling shows that this increase in cytoplasmic mRNA is compatible with retarded degradation of cytoplasmic mRNA. Regulation of malic enzyme by carbohydrates is liver-specific, since no response is observed in the following nonhepatic tissues: brain, heart, spleen, kidney, testis, and lung. Furthermore, the amplitude of the response in liver depends on the thyroid state of the animals, being lower (by a factor of =4) in hypothyroidism and higher (12-to 15-fold) when normal animals are injected simultaneously with a daily dose of 15 ,g of triiodothyronine per 100 g of body weight for 10 days. Since thyroid hormones regulate liver malic enzyme synthesis predominantly at the nuclear level and carbohydrates at the cytoplasmic level, the additive effect of triiodothyronine and a high carbohydrate diet on the activity of malic enzyme is readily explicable.
ABSTRACT
In euthyroid rats fed a high carbohydrate fat-free diet for 10 days, the mass of cellular malic enzyme mRNA in liver is increased 7-to 8-fold above the basal level. Malic enzyme activity is stimulated to the same extent. This effect does not result from an increase either in the transcriptional activity of the malic enzyme gene, as determined by nuclear run-off transcription assay, or in the content of intranuclear malic enzyme RNA sequences. Mathematical modeling shows that this increase in cytoplasmic mRNA is compatible with retarded degradation of cytoplasmic mRNA. Regulation of malic enzyme by carbohydrates is liver-specific, since no response is observed in the following nonhepatic tissues: brain, heart, spleen, kidney, testis, and lung. Furthermore, the amplitude of the response in liver depends on the thyroid state of the animals, being lower (by a factor of =4) in hypothyroidism and higher (12-to 15-fold) when normal animals are injected simultaneously with a daily dose of 15 ,g of triiodothyronine per 100 g of body weight for 10 days. Since thyroid hormones regulate liver malic enzyme synthesis predominantly at the nuclear level and carbohydrates at the cytoplasmic level, the additive effect of triiodothyronine and a high carbohydrate diet on the activity of malic enzyme is readily explicable.
A diet high in carbohydrates (CHO) stimulates malic enzyme [ME; (S)-malate:NADP+ oxidoreductase (decarboxylating)] activity in rodent (1) (2) (3) and avian (4, 5) liver, while starvation or a low CHO diet has the opposite effect. This stimulation by CHO has also been demonstrated in vitro when isolated hepatocytes were cultured in a medium enriched in glucose (6) . In both mammals and birds, the increase in liver ME activity has been shown to reflect a proportionate increase in the relative rate of enzyme synthesis (7) (8) (9) . Furthermore, in geese and mice, the rate ofME synthesis correlates positively with the concentration of ME mRNA in cytoplasm, as determined by hybridization analyses with ME-specific cDNAs (10, 11) . In rat liver, such a pretranslational control has been suggested by in vitro translation assays followed by immunoprecipitation with ME antibody (9) .
CHO have also been shown to interact with thyroid hormones in modulating ME activity in hepatocytes (12) . We have recently reported that triiodothyronine (T3) by itself controls ME synthesis in thyroid hormone-responsive tissues at the nuclear level through both an increase in the rate of specific gene transcription and a decrease in degradation of nuclear ME RNA sequences, the latter site of control being liver specific (13; unpublished data). In the present study, we attempted to define precisely the level at which CHO regulates the concentration of ME. Hence, we investigated the effects of a high CHO fat-free diet on the rate of transcription of the ME gene and on the levels of nuclear and cytoplasmic ME RNA sequences. Our data suggest that, contrary to thyroid hormone, CHO stimulates ME synthesis predominantly by stabilizing the cytoplasmic mRNA encoding the protein. Furthermore, the effect is tissue specific, since none of the nonhepatic tissues tested was responsive to CHO feeding. Therefore, ME activity in rat liver is controlled by at least three ofthe known mechanisms: gene transcription rate, nuclear RNA stabilization, and rate of degradation of cytoplasmic mRNA.
MATERIALS AND METHODS
Animals. Female Sprague-Dawley rats weighing "120 g were used in all experiments. To induce ME, a high CHO fat-free diet (ICN) was provided ad libitum to either euthyroid or hypothyroid animals. All experiments were started between 7:00 and 9:00 p.m., at which time the animals were feeding. Hypothyroidism was achieved by surgical thyroidectomy (performed by the supplier, Taconic Farms, Germantown, NY) followed by feeding the rats a low-iodine diet (Teklad Diet). A hypothyroid state was confirmed by the cessation of weight gain for at least 2 consecutive weeks and by thyroid stimulating hormone and T3 serum level measurements at sacrifice (>15 ,ug/dl and 38 ng/dl, respectively). In some experiments, further induction of ME was obtained by injecting the animals with a daily dose of 15 ,ug of T3 per 100 g of body weight simultaneously with CHO feeding. For both euthyroid and hypothyroid states, control rats were maintained on a regular chow diet. The animals were sacrificed by CO2 inhalation at the time intervals indicated in the tables and figures.
cDNA Clones and [3H]cRNA+ Synthesis. Blot hybridization assays for ME were performed with the 1250-base-pair HindIII/Pvu II restriction fragment excised from the recombinant DNA prME described previously (14) and nicktranslated (15) with [a-32P]dCTP (5000 mCi/mmol; 1 Ci = 37 GBq; New England Nuclear) to a specific activity of 1-2 x 108 cpm per ,ug of DNA. For in vitro transcription assays, the ME cDNA probe was the 1627-base sequence excised from the Xgtll recombinant DNA XME-X7 (16) and subcloned into the Sst I and Kpn I sites of M13 mpl8. The albumin cDNA probe was an 1800-nucleotide sequence; obtained in our laboratory, subcloned into the Sal I and Xba I sites of pUC13, and whose identity had been confirmed by sequencing.
[3H]cRNA+ complementary to., a Pst I/EcoRI restriction fragment excised from prME was synthesized as described by Mueckler et al. (17) in the presence of 250 ,uCi of [3H]ATP (46.2 mCi/mmol; New England Nuclear). The product gave a specific activity of 2 x 107 cpm per ,g of RNA. ME Activity. ME activity was assayed according to the procedure of Hsu and Lardy (18) as described (19) . Total Abbreviations: CHO, carbohydrate(s); ME, malic enzyme; T3, triiodothyronine. *To whom reprint requests should be addressed.
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eProc. Nati. Acad. Sci. USA 83 (1986) protein concentration was measured by the method of Bradford (20) with bovine serum albumin as standard.
Total and Poly(A)+ Cellular RNA Preparation. Total RNA was extracted from the tissues by the lithium chloride/urea procedure of Auffray and Rougeon (21) . Poly(A)+ RNA was purified by chromatography on oligo(dT)-cellulose (22 Hybridization with the 32P-labeled ME cDNA probe was carried out as described (14, 19 (27) . The albumin and ME genes were determined simultaneously in the same hybridization assay, hybridization efficiency for albumin RNA was assumed to be similar to that estimated for ME RNA. After hybridization, the filters were washed and digested with RNases A and T1 (1 gg/ml and 10 units/ml, respectively) (25) . The [32p]_ and [3H]RNAs were eluted (27) conditions, the amount of ME mRNA was increased =4.4-fold (Fig. 1) . We have reported that T3 treatment of euthyroid rats led to a proportionate stimulation of ME activity and ME mRNA =10-fold above the basal levels (19) . When both CHO and T3 were combined, ME mRNA accumulated to a greater extent (12-to 15-fold above the basal value; Fig. 1 ) than under administration of either stimulus alone. ME activity was induced to the same degree, which suggests that the interaction between CHO and thyroid hormones occurs at a pretranslational level.
The ubiquitous distribution of ME and ME mRNA has been demonstrated by immunological analysis with ME antibody (28) and hybridization assays with ME cDNA (19) . To gain some information about the tissue specificity of ME regulation by nutritional factors, we assessed the levels of ME activity and ME mRNA after CHO feeding in the following tissues: brain, lung, testis, kidney, spleen, and heart. The ratios of CHO-treated versus control samples were as follows: 1.03, 1.08, 0.95, 1.06, 0.98, 1.15, and 0.93, 1.29, 1.1, 0.91, 0.93, 1.0, respectively. Hence, no response in either enzyme activity or mRNA could be detected in any of these tissues.
To define more precisely the site of action of a high CHO diet on ME mRNA, we measured the rate of transcription of the ME gene under CHO stimulation. In vitro run-off transcription assays with nuclei isolated from control and CHOfed rat livers were performed in which RNA chains initiated in vivo were allowed to elongate in the presence of [32P]UTP. ME RNA sequences were then detected within the nuclear RNA population by hybridization to the 3' complementary single-stranded ME cDNA described in Materials and Methods. An albumin cDNA was included simultaneously as an internal control. The concentrations of cellular ME mRNA were estimated in parallel. The results of three separate determinations are summarized in Table 1 . For each assay, the level of incorporation of [32P]UTP into total RNA was not affected by the nutritional state of the animals, which excludes a general effect of CHO on overall RNA synthesis. Likewise, the rates of transcription of the ME gene in control and CHO-treated rat liver nuclei were not significantly different, ranging from 7.8 to 8.8 ppm, whereas the amount of cellular ME mRNA was increased 6.7-to 8.5-fold above the basal level. The rate of transcription of the albumin gene serving as a control for the technique averaged 340 ppm, which is in good agreement with the values reported by others (29) .
Since the relative rate of transcription of the ME gene was not altered by CHO, a posttranscriptional control had to be invoked to account for the accumulation of ME mRNA in cytoplasm. Among possible mechanisms were alterations in the processing of the nuclear primary transcript or changes in the rate of degradation of the nuclear and/or cytoplasmic RNA sequences specific for ME. Table 1 shows the results of dot-blot hybridizations with nuclear poly(A)+ RNA from control and CHO-treated rat livers, performed simultaneously with cellular mRNA assays. As can be seen, the level of nuclear ME RNA sequences was not modified by the dietary treatment, which caused a 7.2-fold increase in the mass of cytoplasmic ME mRNA. This suggested that the effect of CHO was on the stability of ME mRNA in cytoplasm, and this was tested further by evaluating changes in the degradation of ME mRNA upon CHO treatment. Euthyroid rats were fed the high CHO diet, and the level of ME mRNA was determined at the time intervals indicated in Fig. 2 . ME mRNA accumulated rapidly to reach a maximal concentration =7 times higher than under regular chow diet after 17 hr of treatment (Fig. 2) . The rate of accumulation of ME mRNA during this period was exponential with a half-time value of 3-4 hr, as calculated from the semilogarithmic plot (30, 31) . After CHO feeding for 48 hr, the level of ME mRNA remained at its maximal value for at least 4 hr after shifting to regular chow diet; subsequently, it decreased, eventually reaching the basal value at 22 hr. A simple model to describe these events is shown in Fig. 3A . Two hypotheses were considered for examining the effect ofa high CHO diet. These hypotheses are based on the biochemical assumption that a high CHO diet causes a change (increase or decrease) in some factors that affect either (i) the rate of degradation of cytoplasmic ME mRNA or (it) the proportionation of nuclear ME RNA between degradative pathways and transport into the cytoplasm.
These hypotheses assume that the transcription rate measured in vitro accurately reflects in vivo transcription and is therefore unchanged by diet. These changes were incorporated into the models shown in Fig. 3 B and C. In Fig. 3B , X0,2, the rate constant of degradation of cytoplasmic mRNA, was abruptly slowed when the high CHO diet began, and it returned to a slightly lower value than control shortly after return of the animals to a regular diet. The simulation of the model in Fig. 3B is shown in Fig. 2 as a solid line. In Fig. 3C , the ratio between the fraction of nuclear ME RNA degraded to that transferred to the cytoplasmic pool was changed. The sum of the rate of degradation and the rate of transfer remained constant for model simulation. The relative values Table 1 . Effects of CHO on ME gene transcription, and total cellular and nuclear ME RNA sequences in euthyroid rat liver ME Ratio Albumin Ratio ME mRNA, Ratio ME Euthyroid rats were fed a high CHO fat-free diet for 10 days. Relative rates of transcription for the ME and albumin genes were estimated as described and are expressed as ppm. Each assay was performed in duplicate with nuclei isolated from two livers and pooled. Individual values of three separate experiments are given. Hybridization efficiency averaged 30%o. Nonspecific hybridization to M13 mpl8 and pUC was 3 ppm and 7 ppm, respectively. Total cellular ME mRNA and nuclear ME RNA of these rate constants are shown in Fig. 3C , and the model simulation appears as a dashed line in Fig. 2 .
DISCUSSION
In the present study, we have attempted to understand the biochemical mechanism(s) underlying the regulation of ME synthesis by CHO in the rat. We have demonstrated that this dietary control is pretranslational and tissue specific, since proportionate increases in ME activity and cellular ME mRNA were observed only in the liver. Since the rate of transcription of the ME gene and the level of nuclear ME RNA sequences were unchanged by a high CHO diet, we suspected that a decrease in the rate of degradation of cytoplasmic ME mRNA was the cause for the increase in cytoplasmic ME mRNA.
Mathematical modeling of the data is compatible with the effect of CHO being due solely to a decrease in the rate of degradation of ME mRNA in cytoplasm, although a more complicated mechanism involving changes in both the rate of degradation of nuclear ME RNA and its transport to cytoplasm will also fit the data. We favor stabilization of ME mRNA, since the data are fitted somewhat better with this simulation and because a change in the ratio of pre-mRNA between degradation and transport to the cytoplasm requires two mechanisms. In other systems, notably when specific proteins are increased by hormones, stabilization of mRNA has been suggested (32) (33) (34) . In the present case, proof that a high CHO diet increases the stability of cytoplasmic ME mRNA will require more direct biochemical data.
The nutritional regulation of ME in avians has also been studied. A pretranslational control in goose uropygial gland and liver has been reported by Winberry et al. (10) . Using in vitro transcription assays in isolated nuclei, Goldman et al. (31) recently demonstrated that in duck liver, ME synthesis is regulated by CHO not only through a decrease in the rate of degradation of cytoplasmic ME mRNA but also by a stimulation of the transcriptional rate of the ME gene. The existence of this additional nuclear control, which we did not observe in rat liver, may be related to the type of species analyzed. ME synthesis in rat liver is known to be regulated also by several hormonal factors acting either together with or independently of the nutritional state of the animal (35) . A stimulating interaction between thyroid hormones and CHO has been reported by Towle et al. (9) , who demonstrated that the combination ofboth effectors promoted a higher response in enzyme activity and translatable ME mRNA levels than either stimulus alone. Our data support this observation, since T3 and a high CHO diet by acting at different sites should in combination give a greater effect than either agent alone. The molecular basis of the primary action of both thyroid hormones and CHO remains to be elucidated.
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